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Abstract 
This paper presents the potentialities of a new ignition system based on exposition of multi-walled carbon nanotubes 
containing 75% in weight of ferrocene to a low-consumption flash camera. The experiments were performed in a 
constant-volume chamber equipped with an optical access, to allow the acquisition of high-speed camera images, and 
with a piezoresistive pressure sensor. The chamber was filled with an air-methane gaseous mixture and its 
combustion was triggered by flashing the nanotubes. The resulting combustion process was compared with the one 
obtained triggering the mixture ignition with a traditional spark plug. The combustion process was characterized for 
different air-methane ratios. 
The results show that the ignition with nanotubes determines a higher combustion pressure gradient and a higher peak 
pressure than spark ignition for all the tested air-methane ratios. Furthermore, high-speed camera images show that 
the ignition with nanotubes leads to a more distributed homogeneous-like combustion and then a faster consumption 
of the air-methane mixture without the formation of a discernible flame front. 
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1. Introduction 
The ignition of a traditional air-fuel mixture can be carried out with different sources of external energy, 
such as by means of an electric spark or compressing the mixture. Unfortunately, in the first case, a
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 relatively slow flame front originates from the spark and then propagates burning the air-fuel mixture; in 
the second case, the ignition process can be highly sensitive to operating conditions such as ambient 
temperature and pressure, especially when implementing alternative combustion strategies like low-
temperature combustion [1]. 
In order to solve these problems, a new ignition system is proposed taking advantage of ignition 
properties of carbon nanostructures when exposed to a low-consumption flash light source. In fact, 
nanostructures bonded with particles of an oxidant metal can quickly convert their internal chemical 
energy into thermal energy when they are exposed to a light source. 
The first observation of this phenomenon, illustrated by Ajayan et al. in [2], concerned Single-Walled 
Carbon NanoTubes (SWCNTs), while other nanostructures such as Multi-Walled Carbon NanoTubes 
(MWCNTs) did not exhibit the ignition process. Afterwards, Bockrath et al. in [3] showed that other 
nanostructures containing carbon compounds synthesized on metal catalysts can ignite when exposed to a 
flash. Smits et al. in [4] confirmed that the ignition process can occur if nanoparticles of metallic 
impurities are present in SWCNTs. Chehroudi et al. in [5-10] suggested and patented the idea of using 
nanostructures as distributed ignition source in rocket and internal combustion engine applications. In this 
way, in fact, the combustion process could be controlled, in terms of ignition timing and mixture portion. 
Finally, Berkowitz and Oehlschlaeger in [11] have shown that SWCNTs (containing the 70% iron by 
weight) introduced and mixed in an air-ethylene mixture inside a combustion chamber and exposed to the 
camera flash, can trigger the combustion process. 
This paper proposes an ignition system for an air-methane mixture, based on the exposition of Multi-
Walled Carbon NanoTubes (MWCNTs) to the flash of a camera. The ignition agents (MWCNTs 
containing the 75% weight of ferrocene) have been added to the air-methane mixture and afterwards 
exposed to the flash. In order to evaluate the ignition effectiveness, the so obtained combustion process 
has been compared with the one obtained with a traditional spark plug. It was demonstrated that the 
combustion obtained photo-igniting MWCNTs with ferrocene determines a higher combustion pressure 
gradient and a higher peak pressure than spark ignition for all the tested air-methane ratios. Moreover, a 
more homogeneous combustion process is observed instead of the classic flame front propagation. 
  
Nomenclature 
MWCNTs Multi Walled Carbone Nanotubes 
SWCNTs  Single Walled Carbone Nanotubes 
λ  Air-Fuel Equivalence Ratio 
2. Experimental method 
A scheme of the experimental layout is shown in Fig. 1. In order to run the experiments, air and methane 
are separately introduced into the mixture chamber (see Fig. 1) through different ducts. The amount of the 
two gaseous species have to ensure a final pressure equal to 6 bar into the mixture chamber and the 
desired air-methane ratio at the same time. During tests, six values of air-methane ratio have been tested. 
From the mixture chamber, the air-methane mixture is introduced into the combustion chamber. A solenoid 
valve (see Fig. 1) is used to determine the amount of air-methane mixture introduced into the combustion 
chamber (see Fig. 1) in order to reach the desired pressure (3 bar) at the experiment onset. During this 
phase, the air-methane mixture flux also moves the desired amount of MWCNTs, previously introduced 
into the holder (see Fig. 1), into the combustion chamber. In all tests, 20 mg samples of MWCNTs with 
75% of ferrocene by weight were used. The combustion chamber, made in low-carbon steel, has a 
cylindrical shape with inner diameter equal to 53 mm and length equal to 270 mm. The chamber is 
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equipped with a piezoresistive pressure sensor (KELLER type PA-21Y 0-200 bar). Pressure signal has 
been sampled at 2.5 kHz using a NI cDAQ 9178 acquisition board with a NI 9205 AI module, and 
processed through the LabVIEW NI software. A longitudinal quartz rectangular optical access has been 
mounted (172 mm length x 37 mm height x 20 mm thickness) along the combustion chamber. By means 
of a CCD Memrecam GX-1F High Speed positioned in front of the quartz optical access, the images of 
the combustion process have been acquired with a frame rate equal to 2.5 kHz for an overall recording 
time equal to 1.8 s. 
An automotive spark plug (NGK model 4983 DCPR7E-N-10) and a Xe camera flash (SIGMA model EF-
610DGST) have been placed aside the combustion chamber, with the aim of comparing the combustion 
process observed igniting the mixture with the spark plug with the combustion process obtained igniting 
the mixture with MWCNTs. Both ignition sources (the camera flash and the spark-plug) have been 
activated by a relay, remotely controlled by means of a DIO 5 Volt TTL High Speed NI 9401 module. 
Once the desired pressure (3 bar) was reached into the combustion chamber, the solenoid valve 
automatically closed and, after a constant delay, a TTL signal was generated for activating either the 
camera flash or the spark plug. The energy released by the flash and the spark plug are respectively about 5 
and 20 J. 
 
 
 
Fig. 1. Scheme of the experimental layout 
3. Results and discussion 
3.1. Combustion Analysis 
As previously said, during tests both ignition system (MWCNTs and spark plug) and the air-fuel 
equivalence ratio λ have been varied. λ is defined as: 
 
 ߣ ൌ ൫
஺ ிൗ ൯ೌ೎೟
൫஺ ிൗ ൯ೞ೟
  ( 1 )    
 
where (A/F)act is the ratio between air and methane mass actually feeding the combustion chamber, while 
(A/F)st is the stoichiometric ratio between air and methane. Based on this definition, λ=1 represents an 
actual stoichiometric mixture, while λ>1 indicates a mixture as leaner as λ exceeds 1. In this work, (A/F)st 
has been fixed equal to 17.4, while λ has been varied on six levels in the range 1-2. The combustion 
characterization is based on the measurement of the combustion pressure. For example, in figure 2, 
combustion pressure curves are plot obtained igniting with MWCNTs or with the spark plug an air-
methane mixture with λ equal to 1.02. It is possible to see that, after the trigger signal occurrence (flash or 
918   A. Paolo Carlucci and L. Strafella /  Energy Procedia  82 ( 2015 )  915 – 920 
spark activation), the pressure into the combustion chamber increases from its initial value (3 bar) due to 
combustion development, reaches a peak value and then decreases due to heat transfer to the environment 
through the chamber walls. From now on, the difference between the pressure initial value (3 bar) and the 
pressure peak value will be referred to as delta pressure. 
 
 
Fig. 2. Combustion pressure with MWCNTs photo-ignition (20 mg of MWCNTs containing 75% ferrocene by weight) and with 
spark ignition of an air-methane mixture (λ = 1.02) 
 
From the combustion pressure curves, it was possible to estimate:    
x the ignition delay, defined as the difference between the time at which the combustion pressure 
had reached a value equal to 10% of the delta pressure and the time at which the trigger has been 
activated; 
x the combustion duration, defined as the difference between the time instants at which the 
combustion pressure had reached a value respectively equal to 90% and 10% of the delta 
pressure. 
From Fig. 2, it can be observed that the combustion triggered by the MWCNTs photo-ignition evolves 
more rapidly and exhibits a shorter ignition delay and a higher peak pressure than in the case the mixture 
is ignited by a spark plug. 
In Fig. 3 the pressure curves related to MWCNTs-ignited (a) and spark-ignited (b) combustion processes 
are shown, in both cases for different values of λ. Comparing Fig. 3 (a) and (b) it is evident that the peak 
of combustion chamber pressure reached igniting the mixture with MWCNTs is always higher or 
comparable to that observed using the spark plug. Increasing λ, i.e. burning leaner mixtures, the pressure 
peak decreases and is delayed. It can be also qualitatively argued that, with MWCNTs, both ignition delay 
and combustion duration are shorter. This conclusion is confirmed by Fig. 4, in which the ignition delay 
and the combustion duration as previously defined are reported for all tests. 
In Fig. 5 two series of pictures related to the combustion process with MWCNTs (top row) and spark plug 
(bottom row) are reported. Data refer to λ=1.35 and the time interval between a picture and the following 
is equal to 5 ms. It is clearly visible that, in the process with MWCNTs, the combustion is faster and the 
combustion chamber is wholly interested by the presence of flame starting from the 5th frame. In the 
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process with spark plug, on the contrary, the propagation of a flame front can be recognized in all the 
pictures; moreover, the light radiated by the flame is weaker. 
 
  
(a) (b) 
Fig. 3. Combustion pressure with MWCNTs (a) and spark (b) ignition for different values of λ 
 
 
  
(a) (b) 
Fig. 4. Ignition delay (a) and combustion duration (b) with MWCNTs and spark ignition for different values of λ 
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Fig. 5. Pictures of the combustion process at λ = 1.35; comparison between MWCNTs photo-ignition and spark ignition 
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4. Conclusion 
In this paper, a new ignition system is proposed and tested on an air-methane mixture, based on the 
exposition of Multi-Walled Carbon NanoTubes (MWCNTs) to a camera flash. During the tests, 20 mg 
samples of MWCNTs with 75% ferrocene by weight were suspended in the air-methane mixture into a 
constant-volume combustion chamber and exposed to a camera flash. This combustion process has been 
compared with the one obtained with a traditional spark ignition system for different values of air-
methane equivalence ratios.  
Combustion pressure curves acquired during the tests show that MWCNTs-ignited combustion processes 
exhibit a more rapid rise in pressure and a higher peak pressures, which corresponds to shorter ignition 
delays and combustion durations when compared with the combustion processes obtained with a 
traditional spark plug. It can be deduced that the ignition system with MWCNTs leads to more ignition 
nuclei, burning simultaneously and so speeding up the combustion process. Furthermore, high-speed 
camera images show that MWCNTs-ignited combustion process is more volumetrically distributed into 
the combustion chamber, differently than the flame front propagation observed with the spark ignition. 
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